We report on the development of a nanosecond mirrorless OPO pumped at 1 µm. The gain medium of the OPO was periodically poled Rubidium-doped KTP with a grating period of Λ = 509 nm for first order quasi-phase matching. For grating periods of this length, we demonstrate backward propagation of the signal field and forward propagation of the idler field. To the best of our knowledge, this is the first time such a counter-propagating geometry has been demonstrated in mirrorless OPOs. Pumping with a maximum energy of 6.48 mJ, the OPO yielded an overall conversion efficiency exceeding 53 % with signal and idler energies of 1.96 mJ and 1.46 mJ respectively. The generated signal and idler field spectra were measured to show narrowband linewidths on the order of 0.5 nm. We motivate that such a MOPO is ideal for seeding applications and discuss further improvements and work.
I. INTRODUCTION
Backward-wave optical parametric oscillators 1 , (BWOPO) like their electronic counterparts which were proposed much earlier 2, 3 can sustain oscillation owing to a self-established positive feedback mechanism. In BWOPO such a mechanism relies on three-wave mixing (TWM) between counterpropagating signal and idler waves in presence of a co-propagating pump beam. Such oscillators possess properties which are rather unusual for optical parametric oscillators (OPOs). First, owing to the fact that the oscillation is established by the distributed feedback and not by any external cavity, the pump intensity at threshold will depend primarily on the length and nonlinearity of nonlinear medium 1, 4, 5, 6 . Secondly, the parametric wave (signal or idler) which is generated in the opposite direction to that of pump, is inherently narrowband and largely insensitive to pump frequency variation. The energy conservation then ensures that this variation is inherited by the complementary parametric wave generated in the forward direction 7, 8, 9 . Third, the frequencies of the parametric waves generated in BWOPO are substantially less sensitive to the nonlinear crystal temperature and pump angle variations as compared to the conventional OPOs 7, 10 . Such properties are conductive to achieve narrowband precisely tunable near-and mid-infrared wavelength generation with scalable output energy in a simple and robust arrangement. This would be beneficial in a number of applications including sources of nonclassical light 11 , remote sensing and differential absorption LIDARs and others, where seeded or doubly-resonant OPOs are currently employed 12, 13, 14 . BWOPO oscillation in near-and mid-infrared can be realized if momentum conservation in counter-propagating TWM is satisfied. With the available second-order nonlinear materials this can be achieved only in quasi-phase matched (QPM) structures 15 with sub-µm periodicity. So far, such structures have been demonstrated by employing periodic poling in KTiOPO4 (KTP) isomorphs 7 , owing to its beneficial mm2 crystalline structure and substantial anisotropy of the ferroelectric domain growth during the poling process. The first demonstrations of BWOPO required pump intensities substantially higher than 1 GWcm -2 which mandated pumping with picosecond pulses 7, 8, 10 . It would be impractical to operate BWOPO using such structures within the nanosecond pulse regime due to competition from stimulated Raman scattering processes as well as close proximity to the optical damage threshold, even though the optical damage threshold in this material is rather high 16, 17 . In this work we show that improved structuring methods now allow fabrication of periodically poled Rb-doped KTP (PPRKTP) structures with sub-µm periodicity, where the BWOPO thresholds are similar to those regularly obtained in low threshold nanosecond PPKTP OPO devices using the usual co-propagating TWM interaction. These advances allowed reliable operation of BWOPO pumped by 10 ns Q-switched pulses, generating narrowband pulses with output energy of 3.4 mJ with conversion efficiency exceeding 53%. Moreover, as we show here, such performance can now be achieved in PPRKTP structures with the QPM periodicity as small as 509 nm.
II. BWOPO PHASE MATCHING
BWOPO employs counter-propagating TWM, which has to satisfy the momentum conservation condition, − = ± ∓ where ( = , , ) denote wave vectors of the pump, signal and idler respectively and = 2 /Λ is the wave vector of the QPM structure with periodicity Λ. Here we use the standard convention for the signal and idler frequencies ≥ . The upper signs in the momentum conservation condition correspond to the case where the idler wave is generated in the opposite direction to the pump, while the lower signs -to the case where signal is generated backwards. The calculated dependence of the signal wavelength on Λ in these two cases is shown in FIG. 1 , for the pump wavelength of 1.064 µm. Here we employed Sellmeier expansions for KTP 18 , which are suitable for RKTP with Rb concentrations below 1%, which is the doping concentration of the crystals used in this work.
FIG. 1.
Dependence of BWOPO signal wavelength on QPM period , in KTP for 1.064 µm pump. Red line: signal generated in the direction of the pump; Black line: signal generated in the opposite direction. The signal and idler are always collinear and counter-propagating. The vertical line marks the signal wavelength generated in this work.
As can be seen from FIG. 1, the signal at the wavelength of 1.85 µm can be generated in the direction parallel or antiparallel to the pump in PPRKTP structures with the period of 692 nm or 500 nm, respectively. So far, all demonstrations of the BWOPO employed longer periods, where the signal is generated parallel to the pump. However, in this geometry, the BWOPO has freedom to start cascaded oscillations where the signal of the first process plays the role of the pump 19 . In some applications this is not desirable as these cascaded oscillations would generate additional spectral lines and the efficiency of the first process will be limited. Such cascading does not occur in BWOPO with a backwardgenerated signal. This asymmetry stems from the BWOPO fundamental property that the frequency of the parametric wave generated in the opposite direction to the pump, is mostly determined by the QPM grating and does not vary substantially when the frequency of the pump is changed. Then from momentum and energy conservation conditions it directly follows that, in BWOPO with backward signal generation, the first cascaded process would require generation of an idler wave with negative frequency. Obviously, this is unphysical and therefore cascading in such devices does not happen.
However, as evident from FIG. 1, achieving the BWOPO regime with backward generated signal requires substantially shorter QPM periodicity. Specifically, for a given pump wavelength , the periodicity of the QPM structure must satisfy the inequality, < /( + − ), where denotes the corresponding refractive indices. RKTP has so far proved to be the most suitable ferroelectric material for fabricating such sub-µm-periodicity structures over the volumes required for low-threshold, nanosecond, millijoule-level BWOPOs. Low Rb-doping (~0.3%) contributes in reducing the ionic conductivity of pure KTP by several orders of magnitude 20 without substantially modifying its linear and nonlinear properties. Moreover, the doping greatly reduces color-center accumulation effects, usually observed in undoped KTP under exposure by high-intensity light in the blue spectral region 21 .
III. EXPERIMENTAL SETUP & RESULTS
For the BWOPO pumped at 1.064 µm and generating backward signal at 1.856 µm we chose the PPRKTP periodicity of 509 nm. The fabrication process starts with interferometric UV-laser lithography together with liftoff in order to define an Al-surface mask. Then, a coercive field grating is created in the crystal by performing ion-exchange through the Al-mask. After, the metal is removed and periodic poling is achieved by applying 5.ms long pulses of an electric field strength of 6.2 kV/mm. The periodic modulation of the coercive field in the volume close to the crystal surface is crucial since it alleviates the fringing-field problem associated with periodic metal electrodes 23 . FIG. 2 is the resulting domain structure revealed by chemical etching on (a) the patterned face and (b) the opposite face. Note that the inverted domains appear as light lines in (a), whereas they are dark lines in (b). The surfaces perpendicular to the crystal a-axis were polished to optical quality and left uncoated. Pumping and BWOPO oscillation were achieved along the a-axis of the crystal for waves polarized parallel to the polar, c-axis, i.e., employing the d33 nonlinear coefficient. The experimental setup is shown in FIG. 3 . The BWOPO was pumped by a Q-switched, injection-seeded, Nd:YAG, master-oscillator-power amplifier system operating at 1.064 µm. The pump source had pulse duration of 13 ns (FWHM) and a repetition rate of 100 Hz with maximum output energy of 200 mJ. The amount of pump energy steered towards the MOPO was varied with a half-wave plate and thinfilm polarizer combination. The pump beam had an elliptical Gaussian spatial profile with M 2 values of 3.2 and 3.3 in the x and y directions respectively. It was guided through a CaF2 mirror which was reflective for the signal wavelength. The pump beam was focused by a spherical CaF2 lens with a focal length of f = 250 mm. The resulting beam radius in the crystal was measured to be w0x = 298 µm and w0y = 297 µm (1/e 2 ) with the travelling knife-edge method. The crystal was positioned to have its center coincide with the focus of the beam. The crystal was mounted onto a holder with a Peltier element for temperature stabilization. The Peltier temperature was set to room temperature around 21ºC. Lastly, a mirror that is highly reflective for the idler wavelength was placed after the crystal to separate the idler from the depleted pump.
Shown in
The BWOPO started oscillation when the pump energy inside the crystal reached 1.5 mJ. This corresponds to the threshold intensity of 83 MWcm -2 . This threshold intensity is similar to typically achieved in usual OPOs employing PPKTP as a gain material 24 . From the threshold intensity we can estimate 6 that the effective nonlinearity in 7 mm-long structure was 7.5 pm/V, not far from maximum value of 2 33 ⁄ = 9.8 pm/V 25 . This is a good indication of the high quality of the QPM structure considering that the crystal contains approximately 28000 periodically inverted domains, each nominally being only 250 nm-long. With such low threshold intensity the BWOPO could be readily pumped up to the energy of about 6.5 mJ, before reaching energy fluence of 5 J/cm 2 , which is half the optical damage threshold 17 . The BWOPO output energy, efficiency and pump depletion characteristics are shown in FIG. 4(a) . Pumping with a maximum input energy of 6.48 mJ, output energies of 1.96 mJ and 1.46 mJ were reached for the signal and the idler, respectively. At the maximum pump energy, the total conversion of the device was measured to be 53 %. Correspondingly, the pump depletion was measured to be 53.8 %.
The temporal traces of the pump, depleted pump and the forward-generated BWOPO idler at 2.495 µm, measured at the input pump energy of 6 mJ, are shown in FIG. 4(b) . The traces were measured with a 2 GHz analog-bandwidth oscilloscope. For the pump measurement we employed Si pi-n diode with a rise time of 1 ns (Thorlabs), while the idler pulse was measured with HgCdTe photoelectromagnetic detector (Vigo System) with the rise time below 1 ns. At this pump energy, the FWHM length of the BWOPO pulse is 9 ns. Here the BWOPO is operating 4-times above threshold. However, neither temporal traces nor efficiency graph in FIG. 4(a) show any signs of back-conversion. In standard OPOs employing co-propagating TWM, back-conversion is usually quite prominent at these pump levels even in singly-resonant cavities. In BWOPO the back-conversion process is strongly limited due to the inherent property of counter-propagating TWM which ensures that the maximum intensities of the signal and idler are reached at the opposite ends of the nonlinear crystal 4, 5 . Spatial intensity profile of the pump and the BWOPO beams were measured with the aid of a pyroelectric camera (Pyrocam III). In FIG. 7 , we show the far field spatial profiles of the pump and the idler at two different pump energies. Cut-on filters were used when measuring idler and signal beams in order to prevent any residual pump light exposure. The idler beam profile was similar to that of the input pump. In general, several factors can affect the spatial intensity distribution in parametric devices, e.g., intensity distribution of the pump, its spatial phase distribution, back-conversion processes, spatial pump depletion and homogeneity of the QPM structure. However, in our case, considering that our injection seeded pump gives a beam with relatively high spatial coherence, that the QPM structure was homogeneous and the virtual absence of back-conversion processes, the BWOPO spatial beam profile should be mainly determined by the pump intensity distribution and the spatial pump depletion. This is also the case for the signal beam profile, which showed similar structure to that of the pump beam.
FIG. 7.
Far-field beam profiles of the pump (a), and BWPO idler for: (b) 2.5 mJ, (c) 6 mJ input pump energy.
IV. CONCLUSION
In conclusion, in this work we demonstrated a BWOPO with PPRKTP where the higher-frequency wave, the signal, is generated in the direction opposite to that of the pump. BWOPO with backward signal generation is beneficial if cascaded parametric oscillation processes need to be avoided. For pumping at 1.064 µm, achieving such an oscillation regime required QPM periodicities shorter than 600 nm. PPRKTP structure with periodicity of 509 nm and the length of 7 mm showed an effective nonlinearity of 7.4 pm/V, which allowed reaching BWOPO oscillation threshold comparable to those typically achieved in co-propagating OPOs using the PPRKTP nonlinear crystals. Such low thresholds in turn give the opportunity to pump BWOPO with injection-seeded Q-switched Nd:YAG laser sources for generation of transform-limited pulses in the near and mid-infrared. Due to low threshold, the BWOPO could reach an efficiency exceeding 53% for the pump energy fluence half the optical damage threshold. Counter-propagating TWM in BWOPO strongly suppresses back-conversion and multi-step  (2) :  (2) processes, therefore preventing spectral broadening and deterioration of the spatial beam distribution and higher conversion efficiencies. With total output of 3.42 mJ and a simple configuration, the BWOPO can be used for seeding narrowband high-energy optical parametric amplifiers, e.g., in differential absorption LIDARs. It should be noted that precise tunability over the range of hundreds of GHz can readily be achieved in the BWOPO 10 by simple angular rotation of the crystal.
